Epididymal lumen fluids are directly responsible for sperm maturation. However, very little is known about the molecular details of small molecule metabolites in the epididymal lumen fluids until now. Here we identified and compared the metabolic profiles of mouse caput and cauda epididymal lumen fluids using GC-MS technique. Among 236 metabolites identified in caput and cauda epididymis, 36 were significantly enriched in caput epididymis while 18 were significantly enriched in cauda epididymis. Pathway analysis identified ascorbate and aldarate metabolism and beta-alanine metabolism as most relevant pathways in caput and cauda epididymis, respectively. Ascorbate, dehydroascorbic acid and beta-alanine associated with these two pathways were firstly reported in mouse epididymal lumen fluids and might play important roles in sperm maturation.
INTRODUCTION
Sperm maturation during transit in the epididymis is necessary for normal sperm-egg interactions and fertilization. The epididymal lumen fluid where sperm are bathed in directly responsible for maturation events. The constituents of sperm plasma membrane change greatly via interacting with epididymal fluid components to get maturation (Sullivan & Mieusset, 2016) . The luminal components including specific inorganic ions, small organic molecules and proteins, change continuously from the proximal to the distal epididymis to provide specific environment essential for sperm maturation (Turner, 2002) .
Until now, some luminal components have been widely studied and their distribution in epididymal regions has been demonstrated in different species. In rat epididymis, for inorganic ions, potassium and phosphorus concentrations increase, while sodium, chloride and calcium concentrations decrease in luminal fluid from proximal-to-distal epididymis (Turner, 2002) . With the advent of proteomics technologies, the protein composition and spatial-temporal distribution patterns in epididymal lumen fluid have been greatly clarified (Belleannee et al., 2011; Xie et al., 2016) . Individual proteins have been shown to play different functions in sperm maturation (Tollner et al., 2011; Taylor et al., 2013) . Individual metabolite analyses in epididymal lumen fluid have been pursued for decades, and only several small organic molecules that includes steroids, amino acids, inositol, phospholipids and carnitine have been demonstrated in epididymal lumen fluid (Turner, 2002) . Because of the limitation of analytical technologies, the small molecular weight metabolites in epididymal lumen fluid have not been systematically studied until now. The new technological approaches for the molecular characterization of metabolites in epididymal lumen fluids will provide the opportunity to identify hundreds of metabolites and to better understand the exact role of the epididymal duct milieu in sperm maturation.
In recent years, the progress of metabolomics techniques has allowed us to better understand physiological processes at metabolite levels. Metabolomics is characterized as the qualitative and quantitative study of thousands of different small molecular weight molecules (metabolites) present in a biological system (Mamas et al., 2011; Tolstikov, 2016) . The major metabolomics techniques include nuclear magnetic resonance (NMR), gas chromatography-mass spectrometry (GC-MS), capillary electrophoresis-mass spectrometry (CE-MS), and liquid chromatography-mass spectrometry (LC-MS) (Beger et al., 2016) . Among the various techniques conventionally applied for metabolic profiling, GC-MS has been proven to be a robust metabolomics tool and widely used for metabolomics studies due to its high sensitivity, separation efficiency and reproducibility (Deng et al., 2004; Jonsson et al., 2005) .
In this study, we used GC-MS technology to detect the changes of lumen fluid metabolites in mouse caput and cauda epididymis. Multivariate statistical analysis methods were used to identify significantly different metabolites and related potential metabolic pathways based on KEGG. Our study, for the first time, systematically profiled the metabolites of mouse epididymal lumen fluid, enabling better understand of sperm maturation events in epididymis.
MATERIAL AND METHODS

Animals
Healthy 10-week-old male C57BL/6J mice fed with same diet were purchased from the Animal Center of the Chinese Academy of Sciences (Shanghai, China). Experiments were conducted according to a protocol approved by the Institute Animal Care Committee. The protocol conforms to internationally accepted guidelines for the humane care and use of laboratory animals.
Sample collection
The epididymal luminal fluid components were extracted by the method described previously with some modifications (Roberts et al., 2002) . Adult male C57BL/6J mice (n = 15) were sacrificed, and the caput and cauda epididymis was removed in phosphate-buffered saline (PBS; Gibco/BRL, USA) supplemented with a protease inhibitor cocktail (Pierce, Rockford, IL, USA). Several small slits were made in the tubules to promote the release of the epididymal fluid and sperm into the PBS. After incubation for 20 min at 37°C, the solution containing sperm and luminal contents was centrifuged at 800 g for 5 min at 4°C; then, the supernatant was collected and centrifuged again at 12 000 g for 15 min at 4°C to remove all sperm components. The final supernatants were stored at À80°C for future processing.
Sample preparation
Samples stored at À80°C were thawed at room temperature. A total of 50 lL of the sample was added to a 1.5 mL Eppendorf tube with 10 lL of 2-chloro-l-phenylalanine (0.3 mg/mL) dissolved in methanol as an internal standard, and the tube was vortexed for 10 s. Subsequently, 150 lL of an ice-cold mixture of methanol and acetonitrile (2/1, vol/vol) was added, and the mixtures were vortexed for 1 min, ultrasonicated for 5 min in an ice water bath, placed at À20°C for 10 min, and centrifuged at 17400 g at 4°C for 10 min. Supernatant (150 lL) was placed in a glass vial and dried in a freeze concentration centrifugal dryer.
In GC-MS determinations, derivatization is needed for generating volatile and thermally stable compounds. In addition, functionalized compounds may require derivatization, prior to analysis, to eliminate undesirable adsorption effects that would otherwise affect the quality of the data obtained. The dried extract of all the samples were derivatized subsequently by adding 80 lL of 15 mg/mL methoxylamine hydrochloride in pyridine, vortexed vigorously for 2 min and incubated at 37°C for 90 min. Then, 80 lL of N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) and 20 lL n -hexane were added into the mixture, which was vortexed vigorously for 2 min and then derivatized at 70°C for 60 min. The samples were placed at room temperature (25-28°C) for 30 min before GC-MS analysis.
GC-MS analysis
Each 1 lL aliquot of the derivatized solution was injected in splitless mode into the Agilent 7890A-5975C GC-MS system (Agilent, Santa Clara, CA, USA). Separation was carried out on a non-polar DB-5 capillary column (30 m 9 250 lm I.D., J&W Scientific, Folsom, CA, USA) with high purity helium as the carrier gas at a constant flow rate of 1.0 mL/min. The GC temperature programming began at 50°C, followed by 15°C/ min oven temperature ramps to 125°C, 5°C/min to 210°C, 10°C/min to 270°C, and 20°C/min to 305°C, and a final 5 min maintenance at 305°C. The electron impact (EI) ion source was held at 230°C with a filament bias of -70 V. Full scan mode (m/z 50À600) was used, with an acquisition rate of 20 spectrum/s in the MS setting.
For testing the precision and accuracy of the analytical system, four derivatized quality control samples prepared by mixing aliquots of all samples were analyzed using the same method as used for the analytic samples. The quality control samples were injected at regular intervals (every eight samples) throughout the analytical run to monitor system stability during the whole experiment.
Data processing and statistical analysis
The acquired MS data from GCÀMS were analyzed by ChromaTOF software (v 4.34, LECO, St Joseph, MI) . Briefly, after alignment with the Statistic Compare component, the CSV file was obtained with three-dimensional datasets, including sample information, retention time-m/z and peak intensities. The dataset was normalized based on the total area in each sample and then separately imported into SIMCA-P + 14.0 (Umetrics, Ume a, Sweden) for multivariate statistical analysis. In total, two analytical methods, including principle component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA), were used to identify the global metabolic differences between the caput group and the cauda group. Both PCA and OPLS are techniques for dimensionality reduction. The objective of PCA and OPLS-DA is to arrive at a linear transformation that preserves as much of the variance in the original data as possible in the lower dimensionality output data. R2X, R2Y, and Q2 which vary from 0 to 1 are used to evaluate the quality of PCA and OPLS-DA model. R2X and R2Y are the fraction of the sum of square of the entire X's and Y's explained by the model, and represent the variance of X and Y variables, respectively; while Q2 is cross validated R2 and suggests the predictive performance of the OPLS-DA model (Worley & Powers, 2013) . The variable importance for the projection (VIP) value for each identified metabolite came from the validated OPLS-DA model, and those variables with VIP > 1.0 are considered relevant for group discrimination.
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Metabolite identification
All the differentially expressed compounds were selected by comparing the compounds in the caput group with the cauda group using the multivariate statistical method and t test. Metabolites with both multivariate and univariate statistical significance (VIP > 1.0 and p < 0.05) were annotated with the aid of available reference standards in our lab and with the NIST 11 standard mass spectral databases and the Feinh databases linked to ChromaTOF software. A similarity of more than 70% can be considered as a reference standard.
Metabolic pathway analysis
Altered metabolic pathways associated with sperm maturation were analyzed by MetPA (metabolic pathway analysis), a web-based metabolomics tool for pathway analysis and visualization (http://www.metaboanalyst.ca/faces/Secure/upload/Pa thUploadView.xhtml) (Xia & Wishart, 2010) . MetPA combines advanced statistical enrichment analysis with pathway topological characteristics to help identify the most relevant pathways.
RESULTS
GC-MS spectra of caput and cauda epididymal lumen fluids
Caput and cauda epididymal lumen fluid were harvested separately and then assessed using GC/MS. A typical total ion chromatogram (TIC) from caput or cauda epididymal lumen fluid is shown in Fig. 1A . The relative abundances of all identified metabolites were determined based on their respective peak areas and then used to construct global metabolic profiles for all subjects. An overall peak detection of the metabolic profiles in members of the caput group and those of the cauda group led to the identification of 530 peaks. After internal standards and any known pseudo positive peaks, such as peaks caused by noise, column bleed and BSTFA derivatization procedure, were removed from the dataset, and after the peaks from the same metabolite were combined, a total of 236 metabolites was obtained in the epididymal lumen fluid samples (Table S1 ).
The TIC profiles of quality control samples were presented in Fig. 1B , and the data showed stable retention time with no drift for all samples. This result demonstrated the consistency of sample injection which was critical for obtaining steady TICs, indicating the stability of GC/MS analysis and reliability of the metabolomic data in this study.
Multivariate data analysis
The normalized integration values of all metabolite features were subjected to mean centering and unit variance scaling before being evaluated through Principle Component Analysis (PCA) in SIMCA-P to ascertain whether there were statistically significant differences between the metabolic profiles of the caput group and those of the cauda group. The two-dimensional PCA scores plot showed that QC samples formed a cluster and that the different samples were scattered into two distinct regions ( Fig. 2A) , suggesting possible metabolic differences underlying caput and cauda epididymal lumen fluids. However, the combination of three PCs showed limited separation power, and therefore OPLS-DA was used to optimize separation between the classes and to obtain an easily interpretable model. The OPLS-DA scores plot also indicated a clear separation between the caput samples and the cauda samples (Fig. 2B) , which could be attributed to differential metabolites. The performance characteristics of this multivariate model were as follows: R 2 (X) = 0.418, R 2 (Y) = 0.996, and Q 2 = 0.973. Q 2 > 0.5 was generally considered a good model in metabolomics (i.e., the model explains 99.6% of the variation between caput samples and cauda samples with a predictive ability of 97.3%). These results demonstrated the existence of different biological signatures of epididymal lumen fluids between caput epididymis and cauda epididymis. We also observed that in PCA and OPLS-DA scores plots, one cauda sample was excluded from the cauda group. However, no obvious cause could be found and it must therefore be assumed that this represents variation in mice.
Metabolite identification and pathway analysis
To identify the differential metabolites between caput and cauda samples, the VIP and p values of each metabolite were determined from OPLS-DA and t test, respectively. In the end, 54 metabolites met the selection criteria of VIP >1.0 and p-value < 0.05, which showed that their levels were significantly different between caput and cauda samples. Among them, 36 metabolites were significantly enriched in caput epididymal lumen fluid, while 18 were significantly enriched in cauda epididymal lumen fluid (Tables 1 and S2 ). These metabolites include exogenous and endogenous small molecules based on the KEGG and HMDB (Human Metabolome Database, HMDB) databases.
Furthermore, the most relevant pathways were analyzed by MetPA. The impact value calculated from pathway topology analysis was applied to evaluate the importance of the pathways on the sperm maturation process. Potential target pathways were filtered out based on impact >0.05. A total of 236 metabolites in epididymal lumen fluids were mapped to 33 pathways, among which, 15 pathways were related to amino acid metabolism ( Figure S1 and Table S3 ). Ten relevant pathways were identified in caput epididymal samples, including ascorbate and aldarate metabolism, histidine metabolism, glutathione metabolism, pyruvate metabolism, glycerophospholipid metabolism, arginine and proline metabolism, tryptophan metabolism, glycolysis or gluconeogenesis, tyrosine metabolism, citrate cycle (TCA cycle) (Fig. 3A and Table S4 ), while only two pathways were identified in cauda epididymis, including beta-alanine metabolism and glycine, serine and threonine metabolism ( Fig. 3B and Table S5 ).
DISCUSSION
The epididymal lumen environment surrounding the spermatozoa is extremely complex. It showed continuous and progressive changes in its composition from the caput to cauda regions. Some inorganic ions and proteins in epididymal lumen fluids have been reported to play important roles in sperm maturation (Dacheux & Dacheux, 2002) . However, until now, very little has been known about the molecular details of small molecule metabolites in the epididymal lumen fluids. Although the metabolic profiles of many body fluids have been widely studied, metabolomics studies in epididymal lumen fluids have not yet been reported. To our knowledge, this study constitutes the first report on the application of metabolomics to the study of epididymal lumen fluid and its function in the sperm maturation process. From a pool of 236 metabolites detected by GC-MS, we identified a total of 54 features whose average levels exhibited statistically significant differences between the caput and the cauda epididymal lumen fluids.
The first observation from a quick overview of the 54 identified metabolites was differential levels of ascorbate and dehydroascorbic acid enriched in the caput region, and carnitine and beta-alanine enriched in the cauda region (Table 1) . These metabolites were also associated with ascorbate and aldarate metabolism and beta-alanine metabolism, which were the most significant pathways enriched in caput and cauda epididymis, respectively (Fig. 3) .
The epididymis provides an optimal environment for the storage and maturation of spermatozoa. However, the ability of the epididymis to protect transiting spermatozoa from oxidative injuries through antioxidant scavengers present in the luminal fluid has not thus far been well studied. Vitamin C, or ascorbic acid, or simply ascorbate (the anion of ascorbic acid) is an important antioxidant substance in biological systems. It exists predominantly as ascorbate anion under physiological pH conditions (Camarena & Wang, 2016) . Vitamin C is a major chainbreaking antioxidant and is present in the extracellular fluid. As a general reducer, ascorbate can be oxidized to dehydroascorbic acid (DHA) by two rounds of single electron donation to other oxidants such as oxygen free radicals, peroxides, and superoxide (May, 1998) . It is reported that ascorbate, not DHA, is dominant in the plasma of healthy humans, suggesting that most cells take up and accumulate ascorbate. However, it is also known that DHA, not ascorbate, can pass through the blood-brain barrier and blood-retina barrier to enter the brain and the retina, respectively (Nualart et al., 2014; Camarena & Wang, 2016) . Similarly, we speculate that DHA may also accumulate in epididymis by passing through blood-epididymis barrier.
It has been reported that concentration of ascorbic acid in semen is 8-10-fold higher than that in blood (Jacob et al., 1992) , implying an important biological role for ascorbic acid in male reproduction. In the male reproductive system, vitamin C is 250 Andrology, 2018, 6, 247-255 known to protect spermatogenesis and it plays a major role in semen integrity and fertility both in men (Agarwal et al., 2005; Eskenazi et al., 2005) and animals (Shrilatha & Muralidhara, 2007) , increases testosterone levels (Sonmez et al., 2005) and prevents sperm agglutination . Ascorbic acid has been demonstrated to prevent the loss of sperm viability, membrane integrity and motility in vitro and supplementation of ascorbic acid is shown to improve the suppressed sperm quality (Wang et al., 2003; Shrilatha & Muralidhara, 2007) . Ascorbic acid concentration in the seminal plasma has also been found to be negatively associated with reactive oxygen species activity in sperm of infertile men, and the depletion of ascorbic acid intake has been associated with an increase in oxidative damage in the sperm of healthy men (Fraga et al., 1991; Eskenazi et al., 2005) .
In summary, the clinical and experimental studies have demonstrated that ascorbate in semen plays important roles in fertility; however, the existence and distribution of ascorbate in epididymal lumen fluids and its function in sperm maturation were unclear. Potts et al. reported similar concentrations of ascorbate in semen from both normozoospermic and vasectomized men; therefore, they speculated that ascorbate did not accumulate in the epididymal lumen and was not a key antioxidant in the epididymis (Potts et al., 1999) . However, in the present study, both ascorbate and dehydroascorbic acid were identified in epidydimal lumen fluids and were enriched in the caput region. Additionally, ascorbate and aldarate metabolism was evaluated as the most significant pathway in caput epididymis (Fig. 3A) .
Generally, sperm maturation takes place in the caput and corpus regions of the epididymis. When the spermatozoa enter cauda epididymis, they already get mature (i.e., they eliminate the cytoplasmic droplet and achieve the fertilization capacity). To protect sperm from oxidative stress in immature spermatozoa, the caput epididymis deploys powerful, sophisticated strategies including enzymatic and non-enzymatic scavenging systems (Vernet et al., 2004) . The non-enzymatic antioxidants include taurine, glutathione, thioredoxin and so on. Ascorbate identified in this study may serve as an important non-enzymatic scavenger antioxidant in caput epididymis. The antioxidant enzymes consist of superoxide dismutase (SOD), catalase, indolamine dioxygenase (IDO) and glutathione peroxidase (GPX) (Vernet et al., 2004) . The GPX enzymes play a central role in the defence against oxidative damage in mammalian sperm, functioning in the epididymis at different stages of the sperm's epididymal journey, and in different epididymal compartments (Vernet et al., 2004; Chabory et al., 2009; Noblanc et al., 2011) .
Further studies are required to determine if low antioxidant activity (i.e., ascorbate and GPX) and high oxidative stress in the epididymis itself are associated with poor fertility. Further studies are required to determine if low antioxidant activity (i.e., ascorbate) and high oxidative stress in the epididymis itself are associated with poor fertility.
Beta-alanine (or b-alanine] is a naturally occurring beta amino acid, which is an amino acid in which the amino group is at the b-position from the carboxylate group. Beta-alanine is not used in the biosynthesis of any major proteins or enzymes. It is one of the two constituents of carnosine (histidine being the second constituent). Supplementation with beta-alanine has been shown to increase muscle carnosine content, and therefore, total muscle buffer capacity, with the potential to elicit improvements in physical performance during high-intensity exercise (Artioli et al., 2010 ). In the current study, beta-alanine was identified in epididymal lumen fluids and was enriched in the cauda region. In addition, beta-alanine metabolism was the most significant pathway in cauda epididymal lumen fluid (Fig 3B) . Consistent with our results, Patel et al. also reported the existence of betaalanine in goat epididymal lumen fluids (Patel et al., 1999) . Unfortunately, the biological functions of beta-alanine in the reproductive system have not been reported until now. Further study is required to elucidate the function of beta-alanine in sperm maturation and storage.
In mammals, including man, free carnitine is taken from blood plasma and concentrated in the epididymal lumen (Jeulin & Lewin, 1996) . Previous studies have reported that the intraluminal concentration of carnitine increased distally along the epididymal lumen, reaching maximal levels in the cauda in humans and animals (boar, ram, rat, hamster, rabbit, bull, dog, horse, and monkey) (Jeulin & Lewin, 1996; Turner , 2002) . Consistent with these earlier reports, carnitine was enriched in mouse cauda epididymal lumen fluids (Table 1) in our study. Carnitine plays a key role in sperm metabolism by providing readily available energy for use by spermatozoa, which positively affects sperm motility and maturation. Additionally, carnitines are also antioxidants that Noblanc et al. (2011) decrease reactive oxygen species (ROS) by removing excess intracellular toxic acetyl-CoA, which is responsible for mitochondrial ROS production (Agarwal & Said, 2004) . Another interesting observation is that amino acids were enriched in mouse epididymal lumen fluids. As revealed by the metabolomic fingerprinting analysis in the present study, all amino acids were detected in epididymal lumen fluids except arginine, leucine and tryptophan. Amino acid concentrations varied widely between amino acids within the same region of the epididymis, and within amino acids, between regions. Hinton et al. reported the loss of measured luminal amino acids from proximal to distal epididymis, with the greatest loss being the loss of glutamate. They found that glutamate was highly abundant in caput epididymis and very low in cauda epididymis (Hinton, 1990) . However, both our results in mouse and the previous data in goat (Patel et al., 1999) showed that the concentrations of amino acids were not significantly different from caput to cauda epididymis. This discrepancy might be due to different species or different analytical methods.
Among significant pathways identified in the current study, the tyrosine metabolism pathway, the tryptophan pathway and the glycerophospholipid metabolism pathway have been clearly revealed to be relevant for sperm maturation and fertilization. Deficient tryptophan catabolism along the kynurenine pathway in caput epididymis generated an inflammatory state and induced highly significant increases in both the number and the percentage of abnormal spermatozoa (Jrad-Lamine et al., 2011) . The tyrosine metabolism pathway have been suggested to play important roles in sperm capacitation, epididymal duct contractility and sperm quality (Cavariani et al., 2015) . The glycerophospholipid metabolism pathway may be important for maturation of sperm membrane and maintenance of membrane integrity of epididymal epithelial cells (Turner, 2002; Kasimanickam & Buhr, 2016) .
There is increasing evidence that epididymal principal cells secrete extracellular microvesicles named epididymosomes to luminal fluid. During the epididymal transit, spermatozoa interact with different populations of epididymosomes, which could modify the male gamete in a sequential manner (Girouard et al., 2011; Caballero et al., 2013) . In the present study, we performed metabolomic analysis on the total luminal fluid components which include epididymosomes. Previous studies have demonstrated the specific molecular species in epididymosomes, which are involved in the transfer of membrane components, such as lipids and proteins, into sperm (Schwarz et al., 2013; Sullivan, 2015) . Lipid analysis revealed a particular composition of specific phospholipids in epididymosomes; the levels of phosphatidyl-ethanolamine, phosphatidyl-inositol and phosphatidyl-choline being higher in caput epididymosomes compared to that in cauda (Girouard et al., 2011) . Therefore, a separate substantial metabolomics analysis on epididymosomes is imminent and will shed new light on the mechanisms of sperm maturation.
In conclusion, we are the first to report the composition of low molecular weight metabolites in mouse epididymal lumen fluids, and we identified several important differential metabolites between caput and cauda epididymis. Further study of these metabolites will be needed to clarify the roles they play in sperm maturation. 
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